In the Drosophila eye the retinal determination (RD) network controls both tissue specification and cell 23 proliferation. Mutations in network members result in severe reductions in the size of the eye primordium 24 and the transformation of the eye field into head cuticle. The zinc-finger transcription factor Teashirt (Tsh) 25 plays a role in promoting cell proliferation in the anterior most portions of the eye field as well as in inducing 26 ectopic eye formation in forced expression assays. Tiptop (Tio) is a recently discovered paralog of Tsh. It is 27 distributed in an identical pattern to Tsh within the retina and can also promote ectopic eye development.
28 In a previous study we demonstrated that Tio can induce ectopic eye formation in a broader range of cell 29 populations than Tsh and is also a more potent inducer of cell proliferation. Here we have focused on 30 understanding the molecular and biochemical basis that underlies these differences. The two paralogs 31 are structurally similar but differ in one significant aspect: Tsh contains three zinc finger motifs while 32 Tio has four such domains. We used a series of deletion and chimeric proteins to identify the zinc finger 33 domains that are selectively used for either promoting cell proliferation or inducing eye formation. Our 34 results indicate that for both proteins the second zinc finger is essential to the proper functioning of the 35 protein while the remaining zinc finger domains appear to contribute but are not absolutely required.
36 Interestingly, these domains antagonize each other to balance the overall activity of the protein. This appears 37 to be a novel internal mechanism for regulating the activity of a transcription factor. We also demonstrate that 38 both Tsh and Tio bind to C-terminal Binding Protein (CtBP) and that this interaction is important for promoting 39 both cell proliferation and eye development. And finally we report that the physical interaction that has been 40 described for Tsh and Homothorax (Hth) do not occur through the zinc finger domains.
Introduction

47
The developing compound eye of Drosophila is an excellent system 48 to study how the rates of cell proliferation and tissue specification 49 are balanced. These two processes are controlled, in part, by the activity 50 of a group of genes that is collectively referred to as the retinal 51 determination (RD) network.
52
The genes that comprise this network include the Pax genes eyeless 53 (ey), twin of eyeless (toy), eyegone (eyg) and twin of eyegone (toe) 54 (Aldaz et al., 2003; Czerny et al., 1999; Jang et al., 2003; Quiring et 55 al., 1994) , the Six family homologs sine oculis (so) and optix (Cheyette 56 et al., 1994; Seimiya and Gehring, 2000; Serikaku and O'Tousa, 1994) , 57 the protein tyrosine phosphatase eyes absent (eya) (Bonini et al., 58 1993), a homolog of the Ski/Sno proto-oncogene dachshund (dac) 59 (Mardon et al., 1994) , the Nl kinase nemo (nmo) (Braid and Verheyen, 60 2008; Choi and Benzer, 1994) , the Meis homolog homothorax (hth) 61 ( Gonzales-Crespo et al., 1998; Pai et al., 1997; Pichaud and Casares, 62 2000; Rauskolb et al., 1995) , the pipsqueak transcription factors distal 63 antenna (dan) and distal antenna related (danr) (Curtiss et al., 2007) as 64 well as the zinc finger transcription factors teashirt (tsh) and tiptop
Q2
65
(tio) (Bessa et al., 2009; Datta et al., 2009; Laugier et al., 2005; Pan 66 and Rubin, 1998). Mutations within many of these genes lead to drastic,
67
if not complete, reductions in the developing eye primordium. The 68 number of cells in the eye field is dramatically lowered and any 69 surviving cells adopt a head cuticle fate (Bonini et al., 1993; Cheyette 70 et al., 1994; Jang et al., 2003; Mardon et al., 1994; Quiring et al., 71 1994) . Nearly all of the genes that belong to the RD network are 72 also capable of redirecting the fate of non-retinal tissues towards 73 an eye in forced expression assays (Bessa et al., 2009; Bonini et al., 74 1997; Braid and Verheyen, 2008; Curtiss et al., 2007; Czerny et al., 75 1999; Datta et al., 2009; Q3 Halder et al., 1995; Pan and Rubin, 1998;  and to establish trunk identities (Andrew et al., 1994; Coiffier et al., 85 2008; Roder et al., 1992) . Subsequently, tsh has been shown to play 86 roles in several additional tissues including the embryonic salivary 87 glands (Henderson et al., 1999) , larval legs (Erkner et al., 1999; 88 2002; Wu and Cohen, 2000) and wings at both larval and adult stages 89 ( Soanes et al., 2001; Sun et al., 1995; Wu and Cohen, 2000) . The first 90 insight into a role for tsh in eye development came from a screen of P
Q6
91
[lacZ] lines that showed a non-uniform pattern of w + expression in 92 the adult retina (Sun et al., 1995) . tsh is expressed and regulates 93 both patterning and proliferation ahead of the morphogenetic furrow.
94
A trimeric complex containing Tsh, Ey and Homothorax (Hth) represses 95 eye development, via transcriptional repression of several retinal 96 determination genes including so, eya and dac in the most anterior 97 portions of the eye disc (Bessa et al., 2002 defects predominant within the ventral half (Singh et al., 2002) . One 107 potential explanation for the region specific phenotypes is that the 108 loss of tsh may be masked by the activity of additional factors.
109
A prime candidate is the tio gene, which is a paralog of tsh and is 110 expressed in an identical pattern to tsh in the retina (Bessa et al., 111 2009; Datta et al., 2009; Laugier et al., 2005) . clones (Laugier et al., 2005; Pan and Rubin, 1998; Singh et al., 2002) . Tio (Laugier et al., 2005) and/or in potential amino acid differences 129 within homologous zinc finger domains (Datta et al., 2011) . Tsh has 130 been shown to bind to DNA and at least one direct target, modulo
131
(mod), has been identified (Alexandre et al., 1996 flies. Over-expressing clones of either tsh or tio variants were generated 
245
Ectopic eye frequencies were also calculated for pupae and adult flies. p 246 values were calculated for cell proliferation/tissue growth quantifications.
247
Yeast 2-hybrid screen
248
The ProQuest Yeast 2-Hybrid System (Invitrogen) was used to 
UAS-tsh variant-V5 or UAS-tio variant-V5 by using Qiagen Effectene
294
Transfection Reagent and induced after 24 h with 1 mM CuSO 4 . 3 ml 295 of cells were pelleted and then resuspended and lysed in lysis buffer.
296
The lysate was boiled in SDS loading buffer + β-mercaptoethanol and 297 resolved on 10% SDS-PAGE gels. All proteins were visualized on Substrate (Thermo Scientific).
302
Results
303
We, as well as others, have previously shown that in forced 304 expression assays both Tsh and Tio are capable of inducing ectopic eye 305 formation and in promoting tissue proliferation (Bessa et al., 2009; 306 Datta et al., 2009; Pan and Rubin, 1998; Singh et al., 2002) . Interestingly,
307
despite the functional redundancy that exists between the two 308 paralogs, Tio appears to be a more potent inducer of eye formation and 309 tissue growth (Bessa et al., 2009; Datta et al., 2009 ). These differences 310 could be due to the presence of a unique zinc finger motif in Tio or due 311 to amino acid sequence differences between the homologous zinc finger domains (Datta et al., 2011; Q9 Laugier et al., 2005) . In this paper we set out 313 to determine the relative contributions that each zinc finger makes to the 314 overall function of both proteins and in the process determine if the 315 differences between Tsh and Tio are attributable to either distinctions 316 amongst the homologous zinc fingers or to the unique zinc finger that is 317 found only in Tio. We also set out to establish if any of the zinc finger 318 domains mediate the formation of the Tsh-Hth complex (Peng et al., 319 2009). And finally we ascertained if physical interactions with 320 C-terminal Binding Protein, a known transcriptional co-repressor (Nibu 321 et al., 1998a (Nibu 321 et al., , 1998b , which have been documented for Tsh (Saller et al., 2002) 
324
In order to answer these questions we generated several reagents 325 for a molecular dissection study. The first set of reagents includes a
series of Tsh and Tio variants in which individual zinc finger domains 327 or the CtBP binding site (PLDLS) have been deleted (Fig. 1A) . We also 328 generated a chimeric protein in which the unique zinc finger domain 329 within Tio was fused to the full-length Tsh protein (Fig. 1A) . And finally
330
we have generated a construct in which the single Tsh/Tio ortholog 331 from the flour beetle, Tribaolium castaneum can be expressed in flies 332 (Fig. 1A) . Each of these constructs was placed under UAS control and 333 using the phiC31 recombination system integrated into the same 334 location within the genome to control for expression levels and thus 335 allowing for comparisons across genotypes. All insertions events were 336 confirmed using PCR ( Fig. 1B; (Fig. 1C) . Note that of all the constructs the only one that we could 340 not detect is the Tribolium Tsh/Tio protein (Fig. 1C) induces ectopic eyes in just the antennal disc ( Fig. 2A-C ; Datta et al., 348 2009) at frequencies of 92% and 98% respectively (Fig. 2D,E (Fig. 2D,E) . In contrast, we find that the second zinc finger is absolutely 354 required for ectopic eye formation as expression of TshΔZn2 and
355
TioΔZn2 supports ectopic eyes in only 1% and 4% of flies (Fig. 2D,E) .
356
The putative requirement for this particular zinc finger in both proteins 357 is further supported by the fact that of the three homologous zinc finger 358 pairs Zn2 is the most closely related in Tsh and Tio (Datta et al., 2011) .
359
The fact that we can detect stable TshΔZn2 and TioΔZn2 proteins in 360 S2 cells (Fig. 1C) suggests that the proteins are also likely to be stable 361 in the antennal disc. Surprisingly, expression of variants in which the 362 third zinc finger has been deleted (TshΔZn3, TioΔZn3) lead to a statisti-363 cally significant increase in ectopic eye frequencies that approaches 364 100% for both proteins (Fig. 2D,E) . We interpret this to mean that Zn3 365 plays an inhibitory role and thus counteracts that activity of both Zn1 366 and Zn2 (Fig. 8A ).
367
Deletion of the unique fourth zinc finger (TioΔZn4) decreases the 368 frequency of ectopic eye formation to 22% (Fig. 2E ) suggesting that it, 369 like Zn1, contributes to but is not required for the formation of ectopic 370 eyes (Fig. 8A ). Previously, we had shown the while tio can induce 371 ectopic eyes when driven with a set of eight GAL4 drivers, tsh can 
only induce eye development when expressed in a smaller subset of 373 expression domains (Datta et al., 2009 (Fig. 8A) .
393
The flour beetle, Tribolium castaneum, contains a single Tsh/Tio like 394 gene (Shippy et al., 2008 Peng et al., 2009; Singh et al., 2002) . In a previous report 413 we had noted that the ectopic eyes induced by expression of 414 both Tsh and Tio were accompanied by an over-proliferation of 415 the antennal disc (Datta et al., 2009) . The size of the ectopic eyes Fig. 3A-E) .
432
Our measurements here support our initial observations that the by Tsh (Fig. 3A, B,E; p = 3.68E−07). Removal of Zn1 and Zn3 from 435 Tsh leads, surprisingly, to an increase in the size of the ectopic eyes 436 ( Fig. 3C,E ; TshΔZn1 p = 0.002, TshΔZn3 p = 1.50619E−07). In contrast,
437
we do not observe any statistically significant differences in the size of 
440
The presence of Zn2 is not only required to induce retinal development 441 (Fig. 2D,E) , but its removal from either Tsh or Tio expectedly also leads 442 to a severe reduction in the size of the eyes that are produced (Fig. 3D ,E (Fig. 8B) . In contrast, all functional activity related to Tio 454 dependent cell proliferation is embedded just within Zn2 (Fig. 8B) . It is 455 unclear why, on the one hand, removal of Zn4 from Tio has no effect on 456 tissue size while, on the other hand, its addition to Tsh has an amplifying 457 effect.
458
We extended this assay to Tribolium Tsh/Tio in order to determine 459 if the role in cell proliferation has ancient origins. As its structure is 460 more similar with Drosophila Tsh we expected that its ability to induce 461 tissue growth would mimic that of Drosophila Tio. However, the size of (Fig. 4A, Table 1 ). Compartment specific effects are 485 observed in the eye disc when Tsh is either lost through mutation 486 or over-expressed (Singh et al., 2002; 2004 (Fig. 4K, Table 1 ). This contrasts to the effects we see on 516 the initiation of eye development in which Tribolium Tsh/Tio induces 517 ectopic eyes at a frequency that is significantly lower than that of 518 either Tsh or Tio (Fig. 2D,E shutting off transcription of the so, eya and dac genes in the most 527 anterior portions of the eye disc (Bessa et al., 2002) . This allows 528 for a second complex, which contains Tsh, Hth and Yki, to promote 529 proliferation of retinal cell precursor cells (Peng et al., 2009 
Hth (Fig. 5, lanes 1 and 5) . The removal of individual zinc fingers did not 543 disrupt the binding to Hth as each protein variant was detected after 544 immunoprecipitation with Hth (Fig. 5, lanes 2-4 and 6-9 (Alexandre et al., 1996; Roder et al., 1992) . In the developing eye,
560
Tsh is part of a complex that represses the transcription of several 561 retinal determination genes (Bessa et al., 2002) . Additionally, loss 562 of either tsh or tio is compensated by the ectopic expression of the 563 other paralog (Bessa et al., 2009) . What are the mechanisms by 564 which Tsh and Tio repress transcription? At least one mechanism 565 involves physical interactions with C-terminal Binding Protein (CtBP), 566 a known transcriptional co-repressor (Nibu et al., 1998a,b) . Drosophila 
576
Since Tio contains a PLDLS motif we set out to determine if Tio can 577 also form a biochemical complex with CtBP. We performed a yeast . Interactions between Tsh, Tio and Hth are not mediated by the zinc finger domains. Western blots demonstrating that interactions between Hth and Tsh and Tio occur through the non-zinc finger domains. The nuclear lysate rows demonstrate that each protein is made and stable in Kc167 cells. The negative control lanes demonstrate that the proteins are not non-specifically immunoprecipitated. The last row indicates that Hth was immunoprecipitated in each experiment. The second to last row (immunoblot) indicates that both full-length and zinc finger deletion Tsh and Tio proteins interact specifically with Hth.
should be noted that both constructs are produced and are stable in (Brown et al., 1995; Zelhof et al., 1997 In Drosophila, tsh and tio are paralogous genes that arose from an 649 ancient duplication event (Shippy et al., 2008) . A growing body of 650 evidence has suggested that these genes play redundant roles in 651 the developing eye. For example, both genes are expressed in identical 652 patterns within the developing retina (Bessa et al., 2009; Datta et al., 653 2009; Pan and Rubin, 1998) . Internal loss-of-function tsh clones 654 often display no overt phenotype (Pan and Rubin, 1998; Singh et al., 655 2002) while null mutants of tio are completely viable with no visible 656 eye defects (Laugier et al., 2005) . Indeed, effects on growth control 657 are only revealed when both genes are simultaneously removed 658 (Peng et al., 2009) . Furthermore, while Tsh alone has been shown to 659 directly bind DNA (Alexandre et al., 1996) ventral margin clones show overgrowth phenotypes (Laugier et al., 669 2005; Singh et al., 2002; 2004) . Additionally, in forced expression 670 assays Tio appears to be a more proficient inducer of both ectopic 671 eyes and cell proliferation (Datta et al., 2009) . In this report we have 672 set out to understand the biochemical mechanisms that underlie func-673 tional differences between the zinc finger transcription factors Tsh
674
and Tio, to ascertain if any of the zinc fingers mediate interactions regulating the activity of a transcription factor (Fig. 8A,B) .
702
We were unable to uncover a mechanism that would account for of potential paralog specific interacting proteins (data not shown).
715
Further biochemical studies and in vivo functional assays will be required 716 to confirm or reject this line of reasoning. Also note that such an internal balancing act does not exist for Tio. These differences may explain why Tio is a more potent inducer of ectopic eyes than Tsh. (B) A schematic that summarizes the relative contributions that each Zn makes towards the processes of cell proliferation. Note that while Zn1 and Zn3 counterbalance the activity of Zn2 within Tsh no such competing mechanism exists for Tio. and that relaxed selection acting on specific motifs contributes to 750 changes in function in highly pleiotropic gene (Datta et al., 2011) . It (Fig. 7A-D 
